The use of human induced pluripotent stem cells (hiPSCs) and recent advances in cell engineering have opened new prospects for cell-based therapy. However, there are concerns that must be addressed prior to their broad clinical applications and a major concern is tumorigenicity. Suicide gene approaches could eliminate wayward tumor-initiating cells even after cell transplantation, but their efficacy remains controversial. Another concern is the safety of genome editing. Our knowledge of human genomic safe harbors (GSHs) is still insufficient, making it difficult to predict the influence of gene integration on nearby genes. Here, we showed the topological architecture of human GSH candidates, AAVS1, CCR5, human ROSA26, and an extragenic GSH locus on chromosome 1 (Chr1-eGSH). Chr1-eGSH permitted robust transgene expression, but a 2 Mb-distant gene within the same topologically associated domain showed aberrant expression. Although knockin iPSCs carrying the suicide gene, herpes simplex virus thymidine kinase (HSV-TK), were sufficiently sensitive to ganciclovir in vitro, the resulting teratomas showed varying degrees of resistance to the drug in vivo. Our findings suggest that the Chr1-eGSH is not suitable for therapeutic gene integration and highlight that topological analysis could facilitate exploration of human GSHs for regenerative medicine applications. Our data indicate that the HSV-TK/ganciclovir suicide gene approach alone may be not an adequate safeguard against the risk of teratoma, and suggest that the combination of several distinct approaches could reduce the risks associated with cell therapy. 2019;8:627-638 
INTRODUCTION
The development of human induced pluripotent stem cells (hiPSCs) has led to rapid advancements in the fields of disease modeling, gene therapy, drug discovery, and regenerative medicine [1, 2] . Recent advances in genome editing technologies, particularly the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein (Cas) system, have facilitated the targeted integration of functional DNA elements into the human genome, thus, extending their research and therapeutic applications [3] . The future of hiPSC technology is quite promising, but there are some concerns that must be addressed prior to their broad clinical use.
A major concern related to hiPSC-based therapy is tumorigenicity [4] . Many approaches have been evaluated to address this issue [5] . One representative strategy is to equip cells with a suicide gene that can eliminate wayward tumor-initiating cells. This safeguard system has an advantage that a suicide gene can a Department of Neurology,be triggered even after cell transplantation or teratoma formation. This is of great value since mutations could occur in hiPSCs and their derivatives during culture [6] and differentiated cells could undergo malignant transformation. The most widely used gene is herpes simplex virus thymidine kinase (HSV-TK) that phosphorylates ganciclovir (GCV) and induces apoptosis by inhibiting DNA synthesis. It has a long history of use and its efficacy as a safeguard has been proven by previous studies [7] [8] [9] [10] [11] [12] [13] . However, a recent study documented the acquisition of GCV resistance by iPSCs expressing HSV-TK [14] , although there were many differences in the experimental parameters. In previous studies, retroviral transduction was used to randomly insert suicide genes. Thus, the location where the transgenes were inserted and the number of inserted transgenes were not controlled, making it difficult to predict the behavior of transgenes and the risk of silencing upon hiPSC differentiation [15] .
Another issue is the necessity to establish safe and robust ways to edit the human genome. The specificity of CRISPRmediated genome editing techniques has improved [16] [17] [18] [19] [20] . However, we still do not know the location of true "genomic safe harbors (GSHs)," that is, the safest permissive loci to insert transgenes [21] . The adeno-associated virus integration site 1 (AAVS1) locus is most widely used as a GSH. However, recent studies have shown that this locus is not as safe and suitable as previously believed, since the transgene could disrupt the expression of myosin binding subunit 85 [22] and could be silenced to variable degrees, due to epigenetic and other unknown mechanisms [23] . A detailed analysis of other candidate GSHs, such as the chemokine (CC motif) receptor 5 (CCR5), human ROSA26, and some extragenic loci has not been fully performed. Therefore, the characterization of human GSH candidates is valuable as this knowledge will improve the safety of human cell engineering and cell-based therapies.
Recent advances in chromatin biology have permitted the elucidation of the three-dimensional genome architecture [24, 25] . One of the spectacular discoveries is that chromosomes are spatially partitioned into submegabase scale domains, often referred to as topologically associated domains (TADs) [26, 27] . Architectural proteins, such as the CCCTC-binding zinc finger protein (CTCF), associate with distant genomic regions and form loop structures. This structure brings genomic elements into close spatial proximity and facilitates interaction within an insulated domain [28] . Gene expression within a TAD is coordinated at the epigenetic level, indicating that TADs are essential functional units in the genome [29] . Thus, analysis of the TADs of GSH candidates will provide information to predict particularly prospective loci.
To address these two issues, we first analyzed the architecture of human GSH candidates. We then selected an extragenic GSH candidate on chromosome 1, knocked-in the HSV-TK gene using the CRISPR-Cas9 system, and investigated the behavior of transgenes and the feasibility of the HSV-TK/GCV system as a suitable safeguard against tumorigenicity for future hiPSC-based therapies.
MATERIALS AND METHODS

Animals
All animal care protocols and experiments were approved by the Laboratory Animal Research Department, Biomedical Research Laboratory, Central Institute for Experimental Animals, Kawasaki, Japan.
Knockin Donor Vector Construction
The HSV-TK gene and P2A-Venus-polyA fragments was polymerase chain reaction (PCR) amplified from SFCMM-3 and pVneoR vector [30] . These fragments, the human elongation factor-1 α (EF-1α) promoter, IRES2 sequence, the puromycin resistant gene and homologous arms for knockin were inserted into the pBluescript II SK(+) plasmid using the ligation high (TOYOBO, Osaka, Japan) or in-Fusion HD cloning kit (Clonetech, Mountain View, CA, USA). PCR primers are listed in Supporting Information Table S1 .
CRISPR/Cas9 Nickase Plasmids
The bicistronic expression vector pX330-U6-Chimeric_BB-CBhhSpCas9 (pX330, Addgene plasmid #42230) [31] was used to express Cas9 and a sgRNA. The Cas9-D10A nickase mutant vector (pX330-n) was created by site-directed mutagenesis of pX330 according to the protocol from Strategene. Targeting sequences of sgRNAs were designed using "Optimized CRISPR design" available at the Feng Zhang Laboratory website (http:// crispr.mit.edu/). The sgRNA targeting sequences are listed in Supporting Information Table S2 .
The Single Strand Annealing Assay
The genomic fragment containing the sgRNA targeting site was PCR amplified and inserted into pCAG-EGxxFP plasmids (addgene plasmid #50716) [32] . HEK293T cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. 4 × 10 5 HEK293T cells were transfected with 1 μg pCAG-EGxxFP plasmids and a pair of 0.75 μg pX330-n plasmids using 15 μg polyethylenimine. Enhanced green fluorescence protein (EGFP) fluorescence was assessed 48 hours after transfection. sgRNAs and PCR primers are listed in Supporting Information Tables S1 and S2.
Genome Editing of hiPSCs
Human iPSCs clone 409B2 were provided from the RIKEN cell bank (Tsukuba, Japan) [33] . hiPSCs were propagated by feeder-free system (mTeSR1 medium: STEMCELL Technologies, Vancouver, BC, Canada, and matrigel: Corning, Corning, NY, USA). Gene transfection was performed by 2 μg of knockin donor plasmids, 1.5 μg each of pX330-D10A Cas9 nickase plasmids and Amaxa Human Stem Cell Nucleofector Kit using Amaxa nucleofector (Lonza, Allendale, NJ) for 8 × 10 5 cells. For selection of stable lines, 0.5 μg/ml puromycin was added to culture medium from 3 days after transduction. Puromycin resistant colonies were picked up after checked for venus expression by IX81 fluorescence microscopy (Olympus, Tokyo, Japan). Refer to Supporting Information for plasmid construction.
On-Target and Off-Target Analysis
Genomic DNAs were extracted using DNeasy Blood & Tissue Kit (Qiagen, Tokyo, Japan) according to manufacturer's instruction. Knockin and potential off-target sites were PCR amplified using primers listed in Supporting Information Table S1 . Sequence of potential off-target sites were checked by direct sequencing or pGEM-T easy vector systems (Promega, Madison, WI).
In Vitro Differentiation (Embryoid Body Formation) hiPSCs were seeded into an ultra-low attachment 96-well plate (Sumitomo Bakelite Co., Ltd., Tokyo, Japan) at a density of 1 × 10 4 cells per well and cultured in bFGF-free knockout serum replacement based hES medium for differentiation into embryoid bodies (EBs).
Transcript Analyses
Total RNAs of cultured cells and teratoma tissues were isolated using QIAzol (Qiagen, Tokyo, Japan). cDNAs were synthesized using PrimeScript RT reagent Kit (Takara Bio Inc., Shiga, Japan). The expression of HSV-TK gene was confirmed by quantitative PCR (qPCR) with AmpliTaq Gold 360 Master Mix (Thermo Fisher Scientific, Waltham, MA, USA) using GeneAmp PCR System 9700 (Thermo Fisher Scientific). Analysis of reverse transcription qPCR (RT-qPCR) was performed using TaqMan Array Human Stem Cell Pluripotency Panel or gene specificprimers (Supporting Information Table S3 ) and Power SYBR Green PCR Master Mix using QuantStudio 12K Flex real-time PCR system (Thermo Fisher Scientific). Statistical significance of HSV-TK expression in teratomas was determined using Kruskal-Wallis analysis of variance (ANOVA).
In Vitro Cytotoxicity Assay
Cytotoxic activity on knockin hiPSCs was determined as the following. HSV-TK knockin cells and their parent hiPSCs were seeded into a Matrigel coated 96-well plate at a density of 5 × 10 3 cells per well. On day 2, GCV was applied at 0, 10 −4 , 10 −3 , 10 −2 , 0.1, 1.0 10, and 100 μM. After 48 hours, ATP content was determined using the Celltiter-Glo reagent (Promega, Madison, WI, USA) according to the manufacturer's instructions. Luminescence was determined on a 2030 ARVO X5 (PerkinElmer, Norwalk, CT). Cytotoxic activity on embryoid bodies (EBs) was determined as the following. GCV was administrated at 0, 10
, 0.1, 1.0, and 10 μM from day 1 at every other day. Images of EBs at day 7 were analyzed by ImageJ software to measure Feret diameter for an estimate of EB volume. Fifty percentage lethal concentration (LC 50 ) values of in vitro cytotoxicity assay were obtained using analysis of dose-response curves (drc) package in R (https://www.R-project.org/) by fitting twoparameter log-logistic curves to each combination of GCV concentration and cell viability [34] .
In Vivo Teratoma Assay
NOG (NOD/Shi-scid IL2Rgnull) mice, aged 6-8 weeks, were maintained under specific-pathogen-free conditions in the Animal Center of the Central Institute for Experimental Animals in accordance with the guidelines of the facility. The recipient mice were anesthetized by inhalation of isoflurane (Dainippon Pharmaceutical Co., Ltd., Japan, Osaka). For subcutaneous transplantation, HSV-TK knockin hiPSCs (TK#1-3, 3-5 × 10 5 cells) suspended in 0.1 ml of a 1:1 mixture of growth factor reduced Matrigel (BD Bioscience, San Jose, CA, USA) and Williams' Medium E (Thermo Fisher Scientific), were subcutaneously inoculated into mice. The mice were monitored daily and the teratomas were measured using calipers. Teratoma volume (TV) was calculated using the formula TV = ½ × A × B . After 5 weeks, 0.2 mg/ml of valganciclovir (Sigma-Aldrich, St. Louis, MO, USA) or saline (Otsuka Pharmaceutical, Tokyo, Japan) was added to the drinking water. At 21-25 days after GCV or vehicle administration, teratomas were recovered from the sacrificed mice.
Statistical Analyses of the In Vivo Teratoma Assay
The sequential results of TV were statistically analyzed using two-way ANOVA after the GCV group was divided into two groups by teratoma growth rate. One week before the endpoint, individuals with a rate of volume increase within 300% of the start point were designated the effective group, whereas individuals with a higher growth rate were designated the noneffective group.
Immunohistochemistry
Teratomas were fixed with Mildform 10NM formaldehyde solution (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). Formalin-fixed tissues were embedded in paraffin and then sliced and analyzed by either hematoxylin-eosin (H&E) staining or immunohistochemistry. The following antibodies were used for immunohistochemistry: mouse anti-human leukocyte antigen (clone: EMR8-5, Hokudo, Sapporo, Japan) and mouse anti-Ki67 (clone: MIB-1, Dako, Glostrup, Denmark). Immunostaining was performed with Leica Bond-Max automatic immunostainer (Leica Biosystems, Mount Waverley, VIC, Australia). Paraffin sections were dewaxed in a Bond Dewax solution and rehydrated in alcohol and Bond Wash solution (Leica Biosystems). Antigen retrieval was performed using a 10 mM citrate buffer, pH 6 (ER1) retrieval solution, followed by endogenous peroxidase blocking on the machine. Detection was performed using the Bond Polymer Refine Detection system. Sections were then counterstained with hematoxylin on the machine.
DNA Methylation Analyses
CpG islands, regions with a high frequency of 5'-C-phosphate-G-3' (CpG) sequences of nucletodes, in the EF-1α promoter were identified using EMBOSS Cpgplot (https://www.ebi.ac.uk/Tools/ seqstats/emboss_ cpgplot/) with the following criteria; observed to expected ratio of C + G to CpG > 0.60, percentage of G + C > 50, and length >200 nt. DNA methylation of the CpG island of the EF-1α promoter was analyzed by pyrosequencing using the PyroMark Q24 advanced system (Qiagen) after the bisulfiteconversion of genomic DNA using the EZ DNA MethylationGold Kit (Zymo Research, Irvine, CA). Primers were designed using PyroMark Assay Design (Qiagen) and are listed in Supporting Information Table S4 . The DNA methylation status of the 10 CpG sequences in the EF-1α promoter region was described as a percentage (%).
Epigenetic Analysis
The topological architecture and an automated computational system for learning chromatin states, ChromHMM, were analyzed using the WashU epigenome browser (ref seq, hg19) [35, 36] . The CTCF chromatin interaction analysis dataset by pairedend tag sequencing (ChIA-PET) data for GM12784 was obtained from a previous study [28] . CTCF motif orientation was obtained from GSE63525 and was added to the track [37] . The ChIA-PET data for K562 and MCF-7 was obtained from the ENCODE data repository [38] . ChromHMM information was generated using the ENCODE project dataset [38, 39] . 
RESULTS
Topological Architecture of Human GSH Candidates
To determine the feasible loci for transgene introduction, we analyzed the CTCF ChIA-PET and depicted the topological architecture of human GSH candidates [36, 38] . We also analyzed the CTCF motif sites and orientation because the two boundaries of many TADs contain multiple binding sites for CTCF with convergent orientation where CTCF also contributes to connect distant genomic areas within TADs [37] . An extragenic GSH candidate on chromosome 1 (Chr1-eGSH) is one of the GSH candidates located far from any gene, microRNA loci, and ultraconserved regions. Importantly, this locus permitted the expression of a lentivirus encoded β-globin transgene in hiPSCs and their erythroid progeny [40] . CTCF ChIA-PET showed that the Chr1-eGSH might be within a broad TAD (Fig. 1A , Supporting Information Fig. S1 ). There was no annotated gene within the closest CTCF-loop domain. However, an integrated transgene could possibly interact with BMP/Retinoic Acid Inducible NeuralSpecific Protein 3 (BRINP3) located at a distance of 2 Mb. Phospholipase A2 group IVA (PLA2G4A) located at the 5 0 side is topologically separated from the Chr1-eGSH TAD. The innermost CTCF-loop of the AAVS1 locus contained only Protein phosphatase 1 regulatory subunit 12C (PPP1R12C), but transgenes could interact with neighboring genes including cancer-related genes such as Receptor-type tyrosine-protein phosphatase H (PTPRH) and NACHT, LRR, and PYD domains-containing protein 2 (NLRP2; Supporting Information Fig. S1 ). The CCR5 locus showed strong CTCF interactions and inserted transgenes could affect CCR1, CCR2, and CCR3. This is consistent with the results of a previous study that showed that a transgene in the CCR5 locus upregulated CCR1 expression [41] . Likewise, manipulation of the human ROSA26 locus may influence the expression of nearby genes, especially THUMP domain-containing protein 3 (THUMPD3) and SET domain containing 5 (SETD5). An automated computational system for learning chromatin states, ChromHMM [39] , suggested that the Chr1-eGSH locus was relatively quiescent compared with other GSH candidates and was not in a repressive state (Supporting Information Fig. S2) . Therefore, the Chr1-eGSH locus was considered a safe and permissive locus, and we used this locus for the insertion of HSV-TK.
The Extragenic Safe Harbor Permitted HSV-TK Expression in Knockin hiPSCs
To examine how a newly integrated promoter/transgene behaves in the Chr1-eGSH locus and whether the HSV-TK/GCV suicide system works as a safeguard against tumorigenesis, we generated knockin hiPSCs harboring HSV-TK using the CRISPR/Cas9 method (Fig. 1B, 1C) . Homologous arms for the knockin were designed in the Chr1-eGSH topologically insulated domain at a distance of 50 kb from the original integration site [40] since the original position was near the CTCF anchor site, where it could possibly be influenced by interactions with other CTCF anchoring zones [24] .
To edit the human genome using the CRISPR/Cas9 technique, we combined the double nicking strategy and truncated single guide RNAs (sgRNAs) to reduce the risk of off-target mutagenesis [30] . On-target cleavage activity of full-length and truncated sgRNAs was assessed by the single strand annealing assay, and 20-17 nt and 19-17 nt sgRNA pairs were identified for use in the induction of double nicks on the Chr1-eGSH locus (Supporting Information Fig. S3) . The hiPSCs were then electroporated with donor vectors and Cas9 nickase/sgRNA expressing vectors. A pair of Cas9 nickases created a double strand break in the target genome site, followed by knockin of the EF-1α-HSV-TK-IRES-puromycin resistant gene-P2A-Venus cassette by homology-directed repair. After electroporation, cells were cultured under puromycin selection. Individual puromycin resistant hiPSC clones were recovered. Six out of 16 lines possessed the knockin allele (Fig. 1D, Supporting Information  Fig. S3 ). From these, we used three knockin clones, TK#1-3, for further experiments (Fig. 1E) . Next, we investigated whether off-target mutations accompanied genome editing. There were no potential off-target double nicking pairs. Since nick-mediated double strand breaks could occur and lead to off-target indel mutations, we checked the top five off-target candidates of each sgRNA and confirmed that no obvious mutations were observed in the three knockin hiPSC lines (Supporting Information Fig. S3 ). Three independent knockin hiPSC clones showed uniform, high-level HSV-TK expression driven by the human EF-1α promoter, a constitutive promoter of human origin (Fig. 1F) . Since CTCF ChIA-PET analysis suggested that BRINP3 is possibly located within the Chr1-eGSH TAD (Fig. 1A , Supporting Information Fig. S1 ), we also investigated BRINP3 expression. BRINP3 expression slightly increased in the three knockin iPCSs, whereas there were no obvious alterations in the expression of PLA2G4A which is located outside the Chr1-eGSH TAD (Fig. 1G) .
Therefore, we established HSV-TK knockin hiPSCs with a reduced risk of off-target mutations. The Chr1-eGSH locus was permissive for transgene expression, although a gene located at a distance of 2 Mb in the same TAD might be affected.
HSV-TK/GCV Eliminated the Knockin Cells In Vitro
We next investigated the cytotoxic effect of GCV on HSV-TK knockin cells. Knockin hiPSCs were highly sensitive to GCV exposure in vitro (Fig. 2A) . The in vitro LC 50 of wild type (WT) and TK#1-3 was 203 μM, 0.043 μM, 0.048 μM, and 0.074 μM, respectively. Almost all knockin cells died by 48 hours after 10 μM GCV treatment. Since HSV-TK/GCV exerts a cytotoxic effect by disturbing DNA synthesis, actively proliferating cells may be more sensitive to this suicide system. To test this notion, we differentiated hiPSCs through EB formation for 7 days and treated the EBs with GCV for another 3 days (Fig. 2B) . GCV exposure reduced the relative OCT3/4 expression in EBs formed by HSV-TK knockin cells, suggesting that GCV preferentially killed the remaining OCT3/4-positive cells or enhanced their differentiation. Next, we formed EBs under various GCV concentration. Under these conditions, the size of EBs was significantly reduced as expected (Fig. 2C, 2D ). LC 50 of EBs from TK#1, TK#2, and TK#3 was 0.018 μM, 0.005 μM, and 0.01 μM, respectively. The marker gene expression of all three embryonic-germ layers was increased in GCV-treated EBs compared with that in untreated EBs (Fig. 2E ). This result indicated that knockin hiPSCs were capable of differentiating into the three embryonic-germ lineages and that the remaining stem cells were preferentially ablated or differentiated by HSV-TK/GCV treatment. Notably, HSV-TK expression was not altered even though the cell population of EBs was changed, suggesting that the Chr1-eGSH locus permitted stable HSV-TK expression at least during early differentiation (Fig. 2E) . Therefore, these results indicated that the Chr-eGSH locus may permit stable HSV-TK expression and that GCV eliminated the knockin cells in vitro.
Tumoricidal Effect of HSV-TK/GCV Was Insufficient as a Safeguard Against Established Teratomas
We next tested whether HSV-TK inserted in the Chr1-eGSH locus abolished tumor cells in vivo. Suicide gene approaches have the advantage of being able to exert a cytotoxic effect after cell transplantation. In clinical settings, it is conceivable that GCV is administered when a tumor is detected by followup imaging tests after transplantation. Therefore, we investigated the tumoricidal effect of HSV-TK/GCV on preformed teratomas. We subcutaneously injected the HSV-TK knockin hiPSCs into NOG mice. Five weeks later, teratomas became palpable. Thereafter, valganciclovir or saline was administrated in the drinking water, and tumor size was monitored (Fig. 3A,  3C , Supporting Information Fig. S4 , Supporting Information Table S5 ). All teratomas formed by TK#2 were sensitive to GCV treatment, although the size of teratomas slowly increased 
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during the observation period (Fig. 3B, Supporting Information  Fig. S4 ). Notably, teratomas derived from TK#1 and TK#3 were classified into both the GCV effective group and the GCV noneffective group even though they had the same genetic background (Fig. 3A, 3C ). The size of the GCV effective teratomas slowly increased as for TK#2 teratomas (Supporting Information Fig. S4 ). We noted a variety of teratoma sizes in the vehicle-treated group, indicating the heterogeneity of teratomas derived from the same hiPSC clone.
To investigate whether the silencing or gene disruption of HSV-TK caused GCV resistance, we first measured the HSV-TK expression of teratoma cells using qPCR. There was no significant difference between the HSV-TK expression of the GCV effective, GCV noneffective, and control groups (Fig. 3D, 3E) . Rather, the HSV-TK expression of the GCV noneffective teratomas formed by TK#3 tended to be higher than that of the GCV effective teratomas. Next, we analyzed the DNA methylation of the CpG island of the EF-1α promoter by pyrosequencing ( Fig. 4A) , as silencing of a transgene is accompanied by DNA methylation of its promoter [42] . The DNA methylation levels of the promoter were low in knockin hiPSCs and teratomas (Fig. 4B ). No significant difference was observed between the GCV effective, GCV noneffective, and control teratomas, although teratomas showed higher DNA methylation levels than their parent knockin hiPSCs (Fig. 4C) . There was no correlation between DNA methylation and HSV-TK expression under these low DNA methylation levels (Fig. 4D) . These data suggested that HSV-TK silencing may not be the main cause of random GCV effect. Finally, we analyzed the injection sites in GCV-or vehicletreated teratomas. Few HLA-positive or Ki-67 positive cells were found at the injection sites in GCV sensitive cases (Fig. 5) . In contrast, we found an increased number of HLA-and Ki-67 positive, that is, proliferating human cells at the injection sites in GCV resistant cases. These GCV resistant teratomas were histologically comparable to those in the vehicle-treated mice. Although tumoricidal effects were observed, these data indicated that the insertion of HSV-TK into the Chr1-eGSH locus was not sufficient to eliminate established solid teratomas in vivo.
DISCUSSION
Here, we analyzed the topological feature of representative human GSH candidates and evaluated one of the extragenic GSH candidates by HSV-TK insertion. The HSV-TK transgene was highly expressed in the Chr1-eGSH locus, but possibly affected the expression level of BRINP3, which is located at a distance of 2 Mb within the same TAD (Fig. 1A, 1G) . The insertion of the promoter/transgene cassette into the same TAD, or HSV-TK expression itself, might affect BRINP3 expression. However, the expression level of BRINP3 was low in iPSCs, therefore, we cannot exclude the possibility that this result was an artifact. Nevertheless, the Chr1-eGSH locus may not be a suitable locus for therapeutic gene integration, as BRINP3 could be associated with pituitary gonadotropinomas [43] and inflammation [44] , Notably, CTCF ChIA-PET analysis predicted this distant interaction, which has not been previously reported [40] . Although we used a public ChIA-PET dataset which was not generated from hiPSCs, our results suggested that bioinformatics approaches could be powerful tools for exploring the ideal human GSH and predicting the effect of genome editing.
We also assessed the effect of the HSV-TK/GCV safeguard system against preformed teratomas since malignant transformation of administered cells could occur after transplantation. The suicide gene system tested here would be not feasible for critical tissue transplantation or cell transplantation into critical organs, since removal of transplanted cells would be disastrous for patients. In addition, the destruction of wayward transplanted cells could damage neighboring normal cells in the recipient due to the bystander effect of the HSV-TK/GCV system. However, when the transplanted tissues are not critical or can be supported until retreatment, a suicide gene driven by a constitutive promoter will be applicable as a safeguard. Examples may include cell transplantation into noncritical organs, pancreatic islet transplantation for severe diabetes mellitus [45] , mini liver transplantation for liver failure or inherited liver enzyme deficiency [46] and bioartificial kidneys for patients receiving dialysis [47] . Unlike the purge of undifferentiated cells before transplantation [48, 49] , the suicide gene approach can be activated after transplantation and has the potential to kill metastases in case of malignant transformation. Thus, the evaluation and development of a feasible suicide gene system will be important for future regenerative medicine.
The in vivo tumoricidal effects of HSV-TK/GCV varied and were not adequate in our study, although the insertion of EF-1α-HSV-TK in the Chr1-eGSH locus efficiently eliminated knockin hiPSCs in vitro (Figs. 3, 5, Supporting Information Fig. S4) . Previous studies have demonstrated that the HSV-TK/GCV suicide system ablated teratomas in an efficient and specific manner [7] [8] [9] [10] [11] [12] [13] ; however, one recent study reported GCV resistance partially due to escape mutations in HSV-TK [14] . The experimental parameters differed between these studies, including the iPSC or embryonic stem cell (ESC) lines, cell preparation, promoter, gene integration method, HSV-TK variant, onset and duration of GCV treatment after cell transplantation, GCV dose, route of GCV administration, and observation period. This diversity could explain the different outcomes. Ours was the only study to use the knockin method to insert HSV-TK into the host genome. This method can control the integration site and reduces the risk of epigenetic silencing by proviral sequences [42] ; however, only one or two cassettes can be inserted into the genome. In contrast, viral transfection can result in multiple HSV-TK copies when cells are transduced at a high multiplicity of infection, and clones strongly expressing HSV-TK are selected. Thus, the HSV-TK expression level in our study could be lower than in previous studies, and may be one reason why we failed to eliminate teratomas in vivo.
Another potential cause of GCV resistance is the epigenetic silencing of the EF promoter or HSV-TK. This may be not the main cause in our study since the DNA methylation level in teratomas was low, and GCV noneffective teratomas showed equal or higher HSV-TK expression than GCV effective teratomas (Figs. 3D-3F, 4) . However, there is a possibility that teratoma formation reduced HSV-TK expression and led to the discrepancy between in vitro and in vivo tumoricidal effects (Fig. 4D ). As our hiPSCs may only carry one HSV-TK gene, the transgene may have been more vulnerable to such situations here than in previous studies in which cells may have multiple transgenes at multiple loci.
The variability between hiPSC lines could also affect the results, as each study used different iPSC or ESC lines. Considering the differences in their genetic and epigenetic backgrounds, cell line choice may affect the sensitivity to GCV treatment. The knockin hiPSCs we used were sensitive to GCV before injection, whereas teratomas showed various responses to GCV even though they had the same genetic and epigenetic background when injected (Fig. 3) . This suggests that GCV resistance may not be solely attributed to the cell line we used, and we propose that host factors such as the vascularization and/or cell contents of teratomas also influenced in vivo GCV susceptibility. These factors are difficult to control and should be taken into consideration when using suicide gene approaches against tumorigenesis in future regenerative medicine.
Another suicide gene system, such as iCaspase-9/AP20187, could be more promising as a safeguard for tumorigenesis © 2019 The Authors. STEM CELLS TRANSLATIONAL MEDICINE published by Wiley Periodicals, Inc. on behalf of AlphaMed Press STEM CELLS TRANSLATIONAL MEDICINE after transplantation [49, 50] . However, this system may not be available in hematopoietic stem cell engraftment as nonspecific toxicity of AP20187 on hiPSCs and CD34 + cells have been reported [49] . Considering that escape mutations could take place and that the tumoricidal effect of the suicide gene approaches could not reach 100%, combination of suicide gene systems with selection methods before transplantation including cell sorting [51] and small molecules to purge undifferentiated iPSCs [48, 49] may reduce the risks of tumor formation associated with cell therapy.
CONCLUSION
We list the topological features of the human genome safe harbor candidates and demonstrate that bioinformatics analysis facilitates prediction of the influence of genome editing. HSV-TK inserted in the Chr1-eGSH locus was not sufficient to eliminate established teratomas in vivo. The in vitro GCV sensitivity did not predict the in vivo response of teratomas to GCV treatment. The tumoricidal effects of GCV varied among teratomas, suggesting that other unknown variables influenced the outcome. Therefore, careful evaluation will be required before applying the HSV-TK/GCV safeguard approach to regenerative medicine. 
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